ABSTRACT: Proteins are dynamic molecules; they undergo crucial conformational changes induced by post-translational modifications and by binding of cofactors or other molecules. The characterization of these conformational changes and their relation to protein function is a central goal of structural biology. Unfortunately, most conventional methods to obtain structural information do not provide information on protein dynamics. Therefore, mass spectrometry-based approaches, such as limited proteolysis, hydrogen−deuterium exchange, and stable-isotope labeling, are frequently used to characterize protein conformation and dynamics, yet the interpretation of these data can be cumbersome and time consuming. Here, we present PepShell, a tool that allows interactive data analysis of mass spectrometry-based conformational proteomics studies by visualization of the identified peptides both at the sequence and structure levels. Moreover, PepShell allows the comparison of experiments under different conditions, including different proteolysis times or binding of the protein to different substrates or inhibitors.
■ INTRODUCTION
Proteins are not merely rigid entities but dynamic molecules that can undergo drastic conformational changes induced by post-translational modifications or binding to cofactors, substrates, inhibitors, or other biomolecules. Because these changes are often essential for their biological function, the analysis and visualization of the dynamic properties of a protein are important aspects of the exploration of the working mechanism of a protein. Nevertheless , the classic methods to analyze protein structures are not able to resolve these dynamic features. The outcome of a protein crystallographic experiment is essentially a static image with little information on the flexibility of the protein because the protein molecules are frozen in fixed positions within the crystal lattice. 1 This limitation is overcome with nuclear magnetic resonance (NMR). In an NMR experiment, the structure is determined in solution and therefore flexibility is retained and can thus ultimately be measured. 2 Unfortunately, NMR is limited to a protein size of 50 kDa; 3 thus, many multidomain proteins are excluded from NMR analysis. Yet, it is especially in these multidomain proteins that conformational plasticity is very important: signal transfer within multidomain proteins frequently occurs through structural alterations.
To overcome the hurdles of the classic methods, the study of protein structure with mass spectrometry, called conformational proteomics, is frequently used to characterize protein conformations and dynamics. Conformational proteomic approaches, such as limited proteolysis, 4 hydrogen−deuterium exchange, 5 MS footprinting, 6 and stable-isotope labeling, 7 are becoming increasingly popular as alternative tools to unravel the structural dynamics of a protein or even whole proteomes. 8 All of these methods exploit the surface accessibility of amino acids within the native protein conformation or, more specifically, the differences in protein surface accessibility in different situations within a protein structure. Limited proteolysis exploits the accessibility of cleavable positions that are specific to the protease used. 9 Depending on the conformational state of the protein of interest, different cleavage sites of the protein will be exposed, which results in a difference in released peptides when subjected to limited proteolysis. A hydrogen−deuterium exchange experiment takes advantage of the exchange rate between deuterium atoms from D 2 O and hydrogen atoms from amide groups. This rate of exchange depends both on the solvent accessibility and hydrogen-bond status of the amide group. 10 An MS footprinting experiment also labels solvent-accessible residues, but here, the hydroxyl radical is most frequently used as labeling agent and the accessible side chains are labeled.
11 Stable-isotope labeling enables the labeling of proteins in vivo, but it also allows chemical labeling of specific, solvent-accessible amino acids. Examples are the labeling of cysteines and lysines with Nethylmaleimide and succinic anhydride, respectively. 7 The experimental setup and subsequent workflow of a conformational proteomics experiment do not deviate drastically from that of a classic mass spectrometry-based experiment in which the peptides present in a complex peptide mixture are identified. In the case of hydrogen−deuterium exchange, MS footprinting, and stable-isotope labeling, solvent-accessible regions of the protein are first labeled, followed by protein denaturation and digestion. In limited proteolysis experiments, the denaturation step is skipped, and only partial digestion is allowed by drastically reduced digestion times or protease to substrate ratios. In all technologies, proteolysis is followed by LC−MS/MS analysis and subsequent peptide identification and quantification. Any introduced modifications must, of course, be taken into account during peptide identification. The final outcome of a conformational proteomics experiment is a list of peptides and, depending on the specific approach used, their associated properties, such as the degree of deuteration or identification of labeled amino acids. Moreover, the data typically span multiple experimental conditions across which the structural observations are to be compared. To be able to gain information about the dynamics and conformation of a protein of interest, the peptide lists from these different experiments finally have to be combined and, if available, mapped onto the structure of the protein.
To fulfill these latter steps, we developed PepShell, a tool that allows interactive data analysis of mass spectrometry-based conformational proteomics experiments by visualization of the generated peptides both at the sequence and structure levels. PepShell allows the comparison of protein structural changes under different experimental conditions, for example, different durations of proteolysis or exposure to a labeling agent, binding to different substrates or inhibitors, or different environmental conditions. PepShell is thus ideally suited to guide the interpretation of mass spectrometry-based proteomics data and their interpretation in the context of protein structure and dynamics.
■ TOOL DESCRIPTION AND FUNCTIONALITY
PepShell aids the user in interpreting the outcome of conformational proteomics experiments and is composed of three panels: the experiment comparison panel, the PDB view panel, and the statistics panel. PepShell is an open source Java application that is released under the permissive Apache2 license. The PepShell binaries, source code, and documentation can be found at the project Web site at http://code.google. com/p/pepshell. The online PepShell manual, which contains a comprehensive example, is also made available in the Supporting Information. 
The Data To Analyze
Usually, a conformational proteomics experiment is composed of several parallel experiments: different substrates or inhibitors might be tested, different time points can be used, or different conditions might be explored. The ultimate purpose is to analyze the differences between these experiments and, as such, gain structural information. PepShell allows the input from a broad range of structural proteomics experiments such as limited proteolysis, hydrogen−deuterium exchange, MS footprinting, and stable-isotope labeling, requiring only that these data are presented in a comma-separated text file format. In addition to the text-based input format, PepShell also allows the user to connect to an in-house data management system such as ms-lims. 12 Data can be added separately for each experiment or can be grouped into a single file that contains the merged data.
The project selection interface (Figure 1a ) subsequently allows the user to select a reference project from the different performed experiments and to indicate which setups need to be compared with each other. For example, the reference project can be a conventional digestion experiment: the protein of interest is denatured and subsequently fully labeled and digested. This allows the user to gain insight into the regular labeling and digestion pattern of the protein, revealing commonly missed cleavages as well as undetectable peptides.
Experiment Comparison within PepShell
The experiment comparison panel (Figure 1b) of PepShell allows the comparison of the selected experimental setups at the sequence level. The reference project is displayed in the top of this panel. For each protein (selected in the list on the left), the user can display the peptides generated in this reference project. Moreover, relevant sequence-specific information can be visualized, including protein domain information extracted from UniProt, 13 the hydrophobicity of the amino acids, or the trypsin cleavage propensity as predicted by the CP-DT tool. 14 It should be noted that the latter property provides the user information with the probability of cleavage at the given site by the protease trypsin and is therefore relevant only if trypsin was used in the experiment.
The middle part of the experiment comparison panel displays information related to the main objective of PepShell: a visualization of the data output from different experimental setups. For each experimental condition, the identified and quantified peptides are mapped onto the sequence of the protein of interest. Depending on the quantitation strategy of the experiment, the user can opt to visualize either the ratio of observed peptides (e.g., heavy versus light labeling) or their peak intensity. This display allows for a straightforward comparison of the differences in peptide quantity over the different experiments, which, in turn, can be interpreted in terms of surface accessibility to finally yield structural information.
In the lower part of the panel, the protein sequence is provided. The coloring scheme of the sequence provides information on the location of the peptides in the sequence and shows the delineation of the different domains.
PepShell's PDB View Panel
This panel (Figure 1c ) maps the detected peptides on the protein structure. Here, the main requirement is the availability of a 3D structure of the protein of interest. Structures that were resolved via protein crystallography or NMR can be retrieved from the Protein Data Bank (PDB), 15 but in-house available structures also can be loaded via a connection to a local structure database. Alternatively, a single flat pdb file can be used. PepShell allows the user to select a specific structure if several structures are available for the protein, and the peptides are subsequently mapped onto this structure. Visualization is performed using Jmol, 16 an interactive Java-based viewer for structures.
Statistics within PepShell
The statistics panel (Figure 1d ) allows the user to analyze the peptides of interest in more detail. A first type of data that is provided is the outcome of the CP-DT 14 prediction for tryptic cleavage probability for each tryptic cleavage position. Another tab allows the detailed comparison of the peptide ratios over the different experimental setups. In a limited proteolysis experiment, for example, different peptides will be generated depending on the experimental conditions, the small molecule, inhibitor, or cofactor bound, or the proteolysis conditions (protease, protease/substrate ratio, and duration). For example, solvent-accessible residues are expected to get processed even at very brief proteolysis times; hence, their derived peptides will be available in high amounts under most conditions tested. On the other hand, less accessible residues require more time before they will be proteolyzed and therefore their derived peptides will be available in smaller amounts upon brief proteolysis, whereas their amount will increase with increasing proteolysis time. This will give an indication on the different protein conformations adopted by a protein under the different experimental conditions. In labeling experiments, such as MS footprinting, stable-isotope labeling, and hydrogen−deuterium exchange experiments, the degree of labeling of a peptide will change over time. Peptides that originate from a region within the protein that is highly accessible will already be strongly labeled after a brief labeling time, whereas peptides that contain less accessible residues will require longer labeling times or might even not get fully labeled. Comparison of these differences for one peptide over the different experimental setups can reflect structural changes in a specific region and, as such, allows the mapping of protein dynamics.
■ CONCLUSIONS
The increasing popularity of structural proteomics is in stark contrast with the availability of efficient tools to visualize this multitude of new data. There are, however, some tools available that aid data interpretation. MTMDAT 17 supports the analysis of limited proteolysis data and provides the changes in relative abundance of the peptide fragments over time. Its extension, MTMDAT-HADDOCK, 18 allows the visualization of protein interactions. HDX data can be analyzed with the aid of QUDeX-MS, 19 which allows the estimation of deuterium incorporation, or HDX workbench, 20 Hydra, 21 or Hexicon, 22 which allow management and visualization of HDX data. All of these tools are, however, approach-specific and are aimed primarily at mass spectrometrists with a specific focus on the experimental mass spectrometry data and their processing and interpretation. We have therefore developed PepShell, a Javabased tool that allows overarching interactive data analysis of mass spectrometry-based conformational proteomics experiments by visualization of the generated peptides both at the sequence and structural levels and does so for a broad range of structural proteomics experimental setups. In contrast to the above-mentioned tools, PepShell is thus intended to support downstream users, typically not mass spectrometry specialists, to interpret the results obtained from a variety of conformational proteomics approaches through the integrative visualization of these results with data collected from local or remote resources.
Where most tools available for mass spectrometry-based proteomics data analysis provide merely a list of measured peptides and their associated properties, PepShell enables the analysis of differential experimental setups. It uses these peptide lists to compare different experimental conditions, and, importantly, it allows the visualization of these differences onto the structure of the protein. As such, PepShell bridges the gap between mass spectrometry-based proteomics data and their interpretation in the context of protein structure and dynamics. ■ ABBREVIATIONS LC, liquid chromatography; MS, mass spectrometry; NMR, nuclear magnetic resonance; PDB, Protein Data Bank; SILAC, stable-isotope labeling by amino acids in cell culture
